Pseudomonas baetica is a pathogen isolated in 2012 from wedge sole (Dicologoglossa cuneata). The aims of this study were (i) to determine the influence of temperature on its virulence, and (ii) to develop specific protocols for rapid diagnosis. Virulence assays carried out by bath using Senegalese sole fry showed that virulence is strongly influenced by temperature: LD 50 at 14
INTRODUCTION
Pseudomonas baetica is a psycrophilic bacterial pathogen recently described in adult wedge sole (Dicologoglossa cuneata) without signs of disease (López et al. 2012a) . The bacterium, recovered from liver and kidney, has been detected causing disease in this species at 20
• C and 14 • C; however, mortality rates were higher (9% in brood stocks) at the lower temperature. At present, P. baetica can be diagnosed using DNA sequencing and phenotypic methods, often inconclusive and time-consuming. On the other hand, isolation from fish is problematic because of the slow growth of this species. A reverse line blot hybridization assay using specific DNA probes allows the detection of P. baetica from fish tissues (López et al. 2012b) ; however, this technique is relatively complex and expensive, and is not extensively used in fish pathology laboratories. These issues hamper the diagnosis of this pathogen and therefore the realization of studies in order to clarify its prevalence and epidemiology. Thus the aims of this study were (i) to determine the influence of temperature on its virulence, and (ii) to develop protocols for rapid and easier diagnosis based on the polymerase chain reaction (PCR) or the use of polyclonal antibodies, in order to facilitate the identification of the pathogen.
MATERIALS AND METHODS

Bacterial strains
The strains used for virulence assays and development of diagnosis protocols (62 reference strains and 24 isolates obtained in our laboratory from diseased fish) are listed in Table  1 . Isolate identification was based on 16S rRNA, gyrB and rpoD gene sequencing and biochemical tests. Growth conditions for each strain are indicated in Table 1 . The P. baetica strains, all recovered from disease outbreaks, were grown in a routine way at 20
• C on tryptic soy agar (TSA) and identified according to López et al. (2012a) .
Pathogenicity assays
The influence of temperature on the virulence of P. baetica type strain (a390 T ) was evaluated by bath using fry of Senegalese sole (Solea senegalensis) weighing approximately 1 g. Two assays were performed, one at 14
• C and the other at 20
• C. For each assay, groups of 10 fish were exposed, by bath immersion for 18 h (Avendaño-Herrera, Toranzo and Magariños 2006) , to five doses of bacteria (10 4 , 10 5 , 10 6 , 10 7 and 10 8 cfu ml −1 ); two groups of fish were employed for each dose and each temperature. Doses were prepared according to López et al. (2009) : bacterial concentration was estimated by absorbance of bacterial cultures at 600 nm wavelength; after recovery by centrifugation, bacteria were washed in phosphate-buffered saline (PBS) and finally resuspended in sterile seawater. Doses were confirmed with total viable counts after spreading 0.1 ml volumes of each dose over plates of Flexibacter maritimus medium (FMM), in duplicate. A control group, challenged with seawater, was also included. The 50% lethal dose (LD 50 ) was calculated using the method proposed by Reed and Muech (1938) . In addition, two assays (one at 14 • C and the other at 20
• C, both in duplicate) were performed by intraperitoneal injection of strain a390 T at 2.5 × 10 5 cfu g −1 to groups of 10 fish of different species, namely wedge sole (Dicologoglossa cuneata) of approximately 4 g, Senegalese sole (Solea senegalensis) (5 g), sea bream (Sparus aurata) (10 g), European sea bass (Dicentrarchus labrax) (2 g) and meagre (Argyrosomus regius) (45 g). These species were selected because sea bream and sea bass constitute the bulk of Spanish marine aquaculture, whereas Senegalese sole, wedge sole and meagre are considered of interest for its diversification. A control group (challenged with PBS) was included in each assay. Fish were anesthetized with phenoxyethanol prior to injection. After bacterial challenge, fish were kept without feeding in 18 l tanks at the appropriate temperature in continually flowing seawater, and mortalities were recorded daily for a 10 day period. Dead fish were removed and subjected to standard bacteriological examination.
DNA extraction and sequencing
Template DNA from pure cultures was prepared by boiling bacterial colonies for 5 min in distilled water followed by centrifugation at 13 200 rpm for 2 min to sediment the cell debris. DNA from tissue samples was extracted using the common phenolchloroform procedure according to López et al. (2011) . The concentration and purity of genomic DNA were calculated from measurements of absorbance at 260 and 280 nm recorded using a NanoDrop 1000 (Thermo Scientific, Massachusetts, USA) spectrophotometer. Partial 16S rRNA, gyrB and rpoD gene sequences were obtained according to López et al. (2012a) . The PCR products were purified with the ExoStar purification kit (GE Healthcare, Chicago, USA) and sequencing was performed by SECUGEN (Madrid, Spain).
Development of PCR protocols for detection and identification
Previously reported 16S rRNA, gyrB and rpoD gene sequences from P. baetica and related species, retrieved from the GenBank database and those obtained in this study, were aligned using the program Bioedit v.7.1.11 (Hall 1999 ) and examined for areas of similarity and variability between different species and strains. On the basis of the alignments, variable regions were chosen and two set of primers were designed using the PRIMER3 program (Rozen and Skaletsky 2000) , one of them targeting the gyrB gene (c390-F1: 5 -GCTGTCCGAAGAACTGGTACTGAC-3 ; c390-R1: 5 -ATTCTTGAAGGTGTCAGCCGATGG-3 ), the other set targeting the rpoD gene (c390-F5, 5 -GGCTGACGACGCCGAGGA-3 ; c390-R5, 5 -GGATGATATCCGGCTGAACACG-3 ). Primers were synthesized by Metabion (Steinkirchen, Germany).
The PCR amplifications were carried out in a total reaction volume of 25 μl using the commercial kit MyTaq DNA Polymerase (Bioline, London, UK). The reaction mixture contained 10 pmol of each primer, 1 unit of Taq DNA Polymerase and a variable amount of DNA template according to the assay. The amplification was performed with the following conditions as a starting point: an initial denaturation at 95
• C for 5 min followed by 35 amplification cycles of denaturation at 95
• C for 20 s, annealing temperature (the range of temperature assayed was of 54-75
• C) for 15 s, and extension at 72
• C for 10 s; and a final elongation at 72
• C for 5 min. DNA from strain P. baetica a390 T was used as a positive control and distilled water was employed as a negative control. PCR products were electrophoresed on a 2% agarose Tris-borate-EDTA (TBE) gel stained with SYBR Safe DNA Gel Stain (Invitrogen, Carlsbad, USA). An additional PCR protocol, combining both sets of primers in a unique assay, was also evaluated. In this case, the PCR mix was the same as described above except that it included the four primers designed in this work (10 pmol of each primer), and amplification conditions were less restrictive in order to increase sensitivity: an initial denaturation at 95
• C for 5 min followed by 45 amplification cycles of denaturation at 95
• C for 30 s, 65
• C for 30 s, and extension at 72
• C for 30 s; and a final elongation at 72 • C for 5 min. In order to test the specificity of the PCR protocols, five P. baetica strains and 81 strains of another 66 species were used as positive and negative controls, respectively (Table 1) . For PCR amplification, the same amount of DNA template (100 ng) was used for each strain. The sensitivity of the three PCR protocols developed in this work was determined using 10-fold serially diluted DNA (in ultrapure water) from P. baetica a390 T , over the range 100 ng to 1 fg. Additional assays were performed only with the PCR protocol combining both sets of primers: (i) in order to determine the detection limit in the presence of DNA from fish, the same DNA dilutions mentioned above were used mixed with 1 μg of DNA from healthy Senegalese sole; (ii) in order to test the detection limit in the presence of tissue debris, samples of 50 mg of liver from healthy Senegalese sole were seeded with a range of 2 to 2 × 10 8 cfu of P. baetica a390 T . Doses were prepared and confirmed as described for virulence assays. DNA was extracted from these samples as has been previously described and 1 μg of DNA was used as a template in each case; (iii) finally, the ability of the PCR protocol to detect P. baetica from infected fish tissues was evaluated using tissue samples (liver) from 17 naturally or artificially infected fish, diagnosed by culture as positive for this species. DNA from samples was extracted as has been previously described and 1 μ g used for each PCR reaction. All these assays were performed at least in duplicate.
Development of a dot-blot protocol for diagnosis
Antisera raised against P. baetica type strain was prepared using New Zealand rabbits, inoculated by intravenous injections with formalin-killed cells (10 9 cfu ml −1 ), according to Sorensen and Larsen (1986) . The antisera were stored at −20 • C.
Dot-blot assay was performed according to Cipriano et al. (1985) , using the commercial kit Immun-Blot assay kit Goat AntiRabbit IgG (H + L) (Bio-Rad, Hercules, California, USA) and antisera diluted 1:4000. Whole-cell suspensions in PBS, containing 10 9 formalin-killed cfu ml −1 , were used as antigens (Santos et al. 1995 The pre-immune serum was also tested in order to discount the possibility of nonspecific cross-reactions. The sensitivity of the protocol was evaluated using 10-fold serially diluted cell suspensions, over the range 1 × 10 9 to 1 × 10 5 cfu ml −1 . Doses were prepared and confirmed as described for virulence assays.
RESULTS
Pathogenicity assays
Virulence assays carried out by both routes of infection, bath challenge and intraperitoneal injection showed that P. baetica virulence is strongly influenced by temperature (Fig. 1) . The high mortalities observed in assays carried out by intraperitoneal injection of 2.5 × 10 5 cfu g −1 suggest that this bacterium may be pathogenic for the five fish species tested; nevertheless, some differences were observed depending on the species. Flatfish species registered high mortality rates (90-100%) whether at 14
• C or at 20 • C; however, mortality rates for non-flatfish species varied significantly according to the temperature. Thus, at 20 • C mortality rates were 0-50% after 10 days, but 100% for the three species at 14 • C. On the other hand, sea bream seems to be the less susceptible species, since it registered the lower mortality rate at 20
• C (0-30%) and mortalities appeared later than in the other species at 14
• C (Fig. 1B) . Influence of temperature was even clearer with the assays performed by bath with Senegalese sole fry. In this case, LD 50 at 14
• C was 8.5 × 10 5 cfu ml −1 (Fig. 1C ), while at 20
• C no mortalities were recorded. The inoculated strain was recovered from all the dead fish. No mortalities were observed in the control groups.
Development of PCR protocols for diagnosis
Two sets of primers to identify P. baetica were designed, one of them targeting the gyrB gene (c390-F1 and c390-R1), the other set targeting the rpoD gene (c390-F5 and c390-R5). These primers flank DNA fragments of 160 bp and 449 bp, respectively. 16S rDNA sequences proved to be too conserved for specific primer design. The specificity of the two sets of primers was tested using DNA extracted from pure cultures of target and non-target strains (Table 1) . Both protocols proved to be specific using an annealing temperature of 69
• C: all P. baetica strains displayed PCR bands of the expected size (160 bp or 449 bp), whereas no PCR product was detected from the rest of the species (Fig. 2 ). Annealing temperatures of 67
• C or less should be avoided because they will lead to the appearance of false positives (that is the case for P. fluorescens using the gyrB-based protocol) or non-specific amplicons (some Pseudomonas species with the rpoD-based protocol). The sensitivity of these PCR protocols, using purified DNA of P. baetica as a template, was 10 pg in a 25-μl reaction volume using the gyrB protocol and 1 ng using the rpoD protocol ( Fig. 3A  and B) . A more sensitive protocol was developed for detection of P. baetica from fish tissue samples, combining both sets of primers in a unique assay. In this case, amplification conditions (45 amplification cycles and an annealing temperature of 65
• C)
were less restrictive in order to increase sensitivity. The detection limit, using DNA from pure cultures, was 1 pg to 100 fg (Fig.  3C ). The sensitivity in the presence of 1 μg of DNA from fish was also 1 pg to 100 fg. The proposed protocol also showed a high sensitivity in the presence of tissue debris: the expected DNA amplicons were observed in the doses from 2 × 10 8 to 2 × 10 1 cfu (50 mg fish tissue) −1 (Fig. 3D) . On the other hand, when this protocol was used with tissue samples of infected fish, all samples showed the expected two bands, and no non-specific bands were produced from the DNA of any of the five fish species tested in this work (Fig. 4A) . Finally, in order to ensure the specificity of this protocol, it was also used with target and non-target strains (Table 1) . As was expected because of its relatively low annealing temperature, many non-target strains (mainly from genus Pseudomonas) produced non-specific bands; however, only P. baetica strains displayed the expected band pattern, consisting of two bands of 160 bp and 449 bp ( Fig. 4B and C) .
Development of a dot-blot protocol for diagnosis
The dot-blot assay using polyclonal antisera (diluted 1:4000) raised against P. baetica type strain and whole-cell suspensions as antigens was specific for P. baetica and did not react with antigens of other species (Fig. 5) . On the other hand, no crossreaction was observed when the pre-immune serum was used. The sensitivity of the protocol was 1 × 10 8 cfu ml −1 .
DISCUSSION
Pseudomonas baetica is a psycrophilic pathogen that was described in 2012 causing disease in adult cultured wedge sole (D. cunata). The objectives of this work were focused on Figure 2 . Profile of PCR using the sets of primers based on gyrB gene (A) and rpoD gene (B) with DNA templates from P. baetica and some non-target-related species. MW: 100 bp DNA gtP-Ladder molecular weight marker (gTPbio, Sevilla, Spain). Lanes 1-5: P. baetica strains a390 T , a391, a398, a399 and a600, respectively; lanes 6-18: 
and (C), lanes 1-9 correspond to: 100 ng, 10 ng, 1 ng, 100 pg, 10 pg, 1 pg, 100 fg, 10 fg and 1 fg of purified DNA of P. baetica, respectively; in (D), lanes 1-9 correspond to 2 × 10 8 , 2 × 10 7 , 2 × 10 6 , 2 × 10 5 , 2 × 10 4 , 2 × 10 3 , 2 × 10 2 , 2 × 10 1 and 2 cfu (50 mg fish tissue) −1 , respectively, and lane 10 corresponds to fish tissue without added bacteria. In all the figures: MW, molecular weight marker; N, negative control (water).
Positive results for 100 pg in (B) and 100 fg in (C) were not always reproducible.
achieving a better understanding of the epidemiology of this pathogen, first of all clarifying the connection between temperature and virulence, since disease outbreaks in wedge sole suggested a higher virulence of the bacteria at low temperatures, and secondly providing faster and more reliable tools of diagnosis in order to facilitate the achievement of epidemiological studies. The virulence assays performed by bath in this work clearly demonstrated the importance of temperature in the development of the disease. At 20
• C, the bacterium was unable to cause mortalities by bath; however, at 14
• C, doses of 10 6 cfu ml
caused consistently mortality rates of 80%. The LD 50 of P. baetica a390 T at 14
• C was 8.5 × 10 5 cfu ml −1 , a value that, according to the classification proposed by Santos et al. (1991) , allows its consideration as a highly virulent strain; on the other hand, this value is similar to that obtained with other fish pathogens recently described, such as Tenacibaculum soleae (López et al. 2010) . Virulence assays performed by intraperitoneal injection also corroborated the higher virulence of P. baetica at 14
• C, since three T , a391, a398, a399 and a600, respectively; lanes 6-18: P. fluorescens, P. aeruginosa, P. anguilliseptica, P. chlororaphis, P. koreensis, P. marginalis, P. moraviensis, P. plecoglossicida, P. putida, P. syringae, M. marinum, N. seriolae and R. salmoninarum -19: C. botulinum, S. iniae, S. parauberis, L. garvieae, V. salmoninarum, F. johnsoniae, C. scophthalmum, T. discolor, T. gallaicum, T. maritimum, T. soleae, M. viscosa, S. putrefaciens, E.ictaluri, E. tarda, C. freundii, H. alvei and P. agglomerans, respectively . Numbers on the left indicate the position of molecular size marker in bp. Only the P. baetica strains showed the expected pattern of 160 bp and 449 bp bands. Figure 5 . Dot-blot assay using antiserum raised against P. baetica type strain with whole-cell suspensions of P. baetica strains and related species. Dots 1 and 8: P. baetica a390 T (positive control); dots 2-5, P. baetica a391, a398, a399 and a600, respectively; dots 6 and 9-13: P. fluorescens, P. putida, P. moraviensis, P. koreensis, P. anguilliseptica and P. plecoglossicida type strains, respectively; dots 7 and 14, negative control.
of the five fish species tested (sea bream, sea bass and meagre) registered a much higher mortality rate at this temperature. The higher virulence at the lower temperature could be due to an expected debilitation of the immune system of fish, but also to the expression of virulence factors by the bacteria at that temperature; in fact, the extracellular products pattern at 20
• C and at
14
• C in this bacterium is clearly different (data not shown). Flatfish species displayed, on the contrary, similar mortality rates at 14
• C and at 20
• C, suggesting a higher susceptibility to this pathogen. These assays also hint at a lower susceptibility to P. baetica of sea bream, the most important species in marine aquaculture in Spain. The results obtained here suggest that all the main fish species cultured in southern Spain could develop the disease, at least with the low temperatures of winter. Nevertheless, since intraperitoneal injection is not a natural route of infection, more work is needed to investigate the susceptibility of these species under more natural conditions. On the other hand, the lack of appropriate and fast diagnosis protocols hamper the understanding of the epidemiology of P. baetica, and do not contribute to determining its real importance as a fish pathogen. This bacterium is closely related to P. fluorescens, to such an extent that 16S rDNA sequencing did not allow the discrimination of both species, and API and Biolog phenotypic identification systems misidentified P. baetica as P. fluorescens. On the other hand, these methods require cultivation and are time-consuming. This led us to develop a diagnosis protocol based on PCR; the specificity, sensitivity and rapid performance of this technology makes it useful for detecting pathogens in diseased fish, asymptomatic carriers, egg stocks, or in the environment. The PCR assays described here allow a specific, quicker and easier identification of P. baetica from pure cultures and tissue samples. Specificity was validated with 81 strains from other species, ecologically or taxonomically related, including common fish pathogens. No false positives with any of the non-target species were observed nor with the gyrBbased protocol nor with the rpoD-based protocol. In the same way, the protocol developed for detection from tissue samples displayed a band pattern that was not observed in any other species, including the most closely related Pseudomonas species. The sensitivity experiments with this protocol using DNA from pure cultures showed a detection limit of 1 pg DNA per PCR tube (equivalent to 30 or fewer bacterial cells), a result similar to other PCR protocols designed against bacterial fish pathogens (Del Cerro, Mendoza and Guijarro 2002; Mata et al. 2004; Romalde et al. 2004; Hong et al. 2007 ). The detection limit observed when this assay was performed, or in the presence of tissue debris, or in the presence of 1 μg of DNA from fish (1 pg of P. baetica DNA was detected at a target:background ratio of 1:10 6 ) confirmed the sensitivity of the method. In fact, the detection limit observed in the presence of 1 μg of DNA from fish was, surprisingly, similar to that obtained with pure cultures. It has been observed that high levels of non-target DNA and tissue debris can have an adverse effect on PCR (Wilson 1997; Becker et al. 2000) ; however, in this case, these potential PCR inhibitors did not bring down the sensitivity of the assay. The usefulness of this PCR protocol to detect P. baetica from diseased fish samples was also evaluated and when naturally and artificially infected fish were subjected to the PCR assay the pathogen was detected in all the cases, and no cross-reaction was observed with DNA from any of the five fish species tested. Finally, another diagnosis protocol, based on the use of polyclonal antibodies in a dot-blot assay, was also developed. Similar methods have been developed against pathogens such as Listonella anguillarum (Sorensen and Larsen 1986) , Vibrio tapetis (Castro et al. 1995) or Aeromonas hydrophila (Longyant et al. 2010) . The protocol described here allowed an easy discrimination of P. baetica from taxonomically related bacteria such as P. fluorescens, P. moraviensis or P. koreensis, the same way as from other fish pathogens belonging to genus Pseudomonas such as P. anguilliseptica and P. plecoglossicida. The sensitivity threshold (2 × 10 5 cfu per dot) was similar to that described for other fish pathogens such as A. hydrophila or V. tapetis (Castro et al. 1995; Longyant et al. 2010) and make it suitable for reliable identification of pure cultures. In summary, the present study confirms the higher virulence of P. baetica at low temperatures and also reports a variety of protocols suitable for identifying this pathogen in pure cultures as well as for detection in fish tissue samples; these tools will facilitate rapid diagnosis and examination of the epidemiology of this pathogen.
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